Vanin-2 (VNN2) is known to be involved in inflammation and leukocyte migration, but its regulation in follicles remains unknown. The objectives of this work were to study the regulation of VNN2 transcripts in bovine follicles prior to ovulation and to characterize the control of its expression in bovine granulosa cells. VNN2 expression was studied using total RNA extracted from granulosa cells of small follicles (2-4 mm in diameter), dominant follicles obtained on Day 5 of the estrous cycle, ovulatory follicles obtained 0-24 h after human chorionic gonadotropin (hCG), and corpora lutea on Day 5 of the cycle. The results from RT-PCR analyses showed that levels of VNN2 mRNA were high in ovulatory follicles 24 h post-hCG but low in the other tissues. In ovulatory follicles, levels of VNN2 mRNA were low at 0 h but significantly up-regulated 12-24 h post-hCG. To determine factors controlling VNN2 gene expression, established primary cultures of granulosa cells isolated from bovine dominant follicles were used. Treatment with forskolin elevated VNN2 mRNA expression as observed in vivo. Mutation studies identified the minimal region conferring basal and forskolin-stimulated VNN2 promoter activities, which were dependent on chicken ovalbumin upstream promoter-transcription factor (COUP-TF), GATA, and Ebox cis-elements. Electrophoretic mobility shift assays identified COUP-TF, GATA4, and upstream stimulating factor proteins as key factors interacting with these elements. Chromatin immunoprecipitation assays confirmed basal and forskolin-induced interactions between these proteins and the VNN2 promoter in bovine granulosa cell cultures. VNN2 promoter activity and mRNA expression were markedly stimulated by forskolin and overexpression of the catalytic subunit of PKA, but inhibited by PKA and ERK1/2 inhibitors. Collectively, the findings from this study describe for the first time the gonadotropin/forskolin-dependent up-regulation of VNN2 transcripts in granulosa cells of preovulatory follicles and provide insights into some of the molecular bases of VNN2 gene expression in follicular cells.
INTRODUCTION
Vanin genes consist of VNN1, VNN2, and VNN3 in humans, but in rodents, only Vnn1 and Vnn3 orthologs have been identified [1, 2] . Vanin genes share a similar genomic organization and encode proteins with a high degree of homology [1] . VNN1 and VNN2 proteins contain a leader peptide and hydrophobic region that are required for coupling with a glycosylphosphatidylinositol (GPI)-anchored cleavage site present within a hydrophilic spacer region and subsequent attachment to the cell membrane [3, 4] . Cleavage by phospholipase C releases a soluble form from the cell surface [5] . VNN1 is a widely expressed GPI-linked membraneassociated ectoenzyme. VNN3 is a secreted protein that lacks a GPI-anchoring consensus. VNN2 exists in both membraneassociated and soluble forms [5] .
In mammalian tissues, vanins are the only known source of pantetheinase activity. This activity involves the hydrolysis of pantetheine to generate pantothenic acid (also called vitamin B5 or pantothenate) and cysteamine [6, 7] . Functional studies report that pantothenic acid plays an important role in protecting cells against oxidative damage by increasing glutathione content [8] . It is an essential substrate for the synthesis of coenzyme A, a cofactor involved in several biological processes such as fatty acid synthesis, required for the production of steroid hormones, and oxidation of pyruvate to fuel the citric acid cycle [9] . Cysteamine is a potent antioxidant that protects cells against oxidative stress and type-1 diabetes in islet cells [10, 11] . VNN1 is also known to promote inflammation partly by inhibition of peroxisome proliferator-activated receptor-c, thereby causing the increased expression of cytokines and chemokines during inflammatory reactions [11] [12] [13] . Interestingly, VNN1 gene deficiency has been reported to be protective for intestinal inflammation [12] and injury against both nonsteroidal anti-inflammatory drugs and schistosomal infection in vivo [14] . Likewise, a functional role for VNN1 is well established in regulating cell adhesion during the migration of hematopoietic precursors in the thymus, and VNN2 has been implicated in leukocyte adhesion and migration to inflammatory sites [3, 4] . Other putative functions of vanin products are involved in malaria susceptibility, carcinogenesis, psoriasis, and cardiovascular disease [1] . Studies on the expression of vanins revealed that VNN1 and VNN2 transcripts were expressed in several tissues, including the kidney, spleen, and blood leukocytes [2, 4] , but not in the ovary.
The luteinizing hormone (LH) surge induces the activation of multiple intracellular signaling pathways to regulate the follicular expression of genes required for ovulation, a key event for successful reproduction. This process shares numerous characteristics of an acute inflammatory reaction, including hyperemia, edema, leukocytic infiltration, and induction of proteolytic and collagenolytic activities [15, 16] . The expression of several genes related to inflammation, such as prostaglandin synthase 2 (PTGS2), tumor necrosis factor alpha-induced protein 6 (TNFAIP6), and CCAAT/enhancerbinding protein b (C/EBPb) [17] , is induced during ovulation, which is suppressed by agents that inhibit acute inflammatory reactions [18] . The importance of these genes for ovulation was evidenced in mice in which the disruption of Ptgs2, Tnfaip6, or C/ebpb severely impaired ovulation and fertility [19] [20] [21] . Despite the important roles of vanins in inflammation, oxidative stress, and cell migration, no study has been reported on their expression and potential regulation in preovulatory follicles following the gonadotropin surge. Of interest, our gene profile study identified that only the transcript of VNN2 isoform was highly expressed in bovine ovulatory follicles (Lussier et al., unpublished results), but its regulation in ovarian follicles during the ovulatory process of any species remains unknown. Because the mechanism by which an ovulatory dose of gonadotropin (LH or human chorionic gonadotropin [hCG] ) induces ovulation remains far from complete, understanding of VNN2 spatiotemporal expression and details of molecular events controlling VNN2 transcription are of utmost importance to get insight of its possible functions during ovulation. Therefore, the objectives of the present work were to study the regulation of VNN2 transcripts in bovine preovulatory follicles prior to ovulation and to characterize its transcriptional control in bovine granulosa cell cultures.
MATERIALS AND METHODS

Materials and Reagents
Lipofectamine Plus reagent, TRIzol total RNA isolation reagent, 1-kb DNA ladder, synthetic oligonucleotides, culture medium, fetal bovine serum, and pcDNA3.1 (þ) vector were obtained from Invitrogen Life Technologies, and [ 32 P]-dCTP was purchased from PerkinElmer Life Sciences. The dualluciferase reporter assay system and plasmids pGEM-T Easy, pGL3-basic, and pRL.SV40 were obtained from Promega Corp. Restriction enzymes were purchased from Amersham Pharmacia Biotech. GATA4, USF1, and USF2 polyclonal antibodies and protein A/G-Sepharose beads were obtained from Santa Cruz Biotechnology, Inc. Chicken ovalbumin upstream promotertranscription factor I (COUP-TFI) and COUP-TFII monoclonal antibodies were obtained from R&D Systems. Expand high-fidelity PCR system was purchased from Roche Applied Science. Proteinase K, OneStep RT-PCR system, and DNeasy tissue kit were obtained from QIAGEN Inc.. Forskolin and signaling pathway inhibitors were purchased from Calbiochem. QuikChange site-directed mutagenesis kit was obtained from Stratagene. Expression vectors for the catalytic subunit of PKA (cPKA) and PKA inhibitor peptide (PKI) were provided by Dr. R. Maurer, Oregon Health and Science University (Portland, OR).
Bovine Follicles and RNA Extracts
Holstein heifers (2-3 yr old) exhibiting normal estrous cycles were used, and ovarian follicles from specific stages of the estrous cycle were isolated as previously described [22, 23] . Briefly, estrous cycles were synchronized with 25 mg prostaglandin F2a (Lutalyse; Upjohn), and ovarian follicular development was monitored by daily transrectal ultrasonography until ovariectomy. Dominant follicles (8-12 mm in diameter; n ¼ four cows) were isolated by ovariectomy (via colpotomy) from heifers on Day 5 of the estrous cycle (Day 0 ¼ day of estrus), whereas small follicles (2-4 mm in diameter; n ¼ three pools [20 follicles/pool]) were obtained from slaughterhouse ovaries. For ovulatory follicles, luteolysis was induced on Day 7 of the estrous cycle, and an ovulatory dose of hCG (3000 international units) was administered 36 h after the induction of luteolysis. The ovary bearing the preovulatory follicle was isolated 0-24 h post-hCG (n ¼ four cows/time point). The interval of time from hCG administration to ovulation is 26-28 h in this animal model. Follicles were dissected from the ovary with a scalpel, and follicular wall preparations (theca interna with attached granulosa cells) and isolated preparations of granulosa and theca interna cells were obtained as described previously [22] . Corpora lutea were obtained on Day 5 of the estrous cycle (n ¼ three cows). Total RNA was extracted with TRIzol reagent, according to manufacturer's instructions using a Kinematica PT 1200C Polytron Homogenizer (Fisher Scientific). All the animal procedures were approved by the Institutional Animal Care and Use Committee of the Université de Montréal and were consistent with the Guidelines of the Canadian Council of Animal Care.
Semiquantitative RT-PCR
The semiquantitative analysis for VNN2 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; internal control) mRNAs was performed by RT-PCR using total RNA extracts (100 ng), the OneStep RT-PCR kit as directed by the supplier, and specific sense and antisense primers as previously described [24] . Primers spanning the intron regions to differentiate amplification of cDNA versus contaminating genomic DNA were designed from bovine sequences published in GenBank (Table 1 ; accession number NM_001163920 for VNN2, producing a 379-bp DNA fragment, and accession number NM_001034034 for GAPDH, generating an 850-bp DNA fragment). Cycling conditions for both genes were one cycle of 508C for 30 min and 958C for 15 min followed by 25 cycles of 948C for 30 sec, 598C for 1 min, and 728C for 2 min. The number of PCR cycles used was optimized for each gene to fall within the linear range of PCR amplification. PCR products were resolved on 2% Tris-acetate/ ethylenediaminetetraacetic acid (EDTA)-agarose gels containing ethidium bromide (0.5 lg/ml), and analyzed as previously described [24] . PCR products were subcloned into pGEM-T Easy vector and sequenced.
Bovine VNN2 Promoter Constructs
A fragment of the bovine VNN2 promoter was isolated by PCR using specific primers (oligonucleotides 1 [sense] and 2 [antisense]; Table 1 ), bovine genomic DNA extracts, and Expand Long Template PCR system as previously described [24] . Oligonucleotides were designed from bovine VNN2 gene sequence deposited in GenBank (AC_000166). Genomic DNA was extracted from a bovine liver using the DNeasy tissue kit as directed by the supplier. PCR reactions consisted of 40 cycles of 948C for 30 sec, 588C for 60 sec, and 728C for 2 min. PCR products were subcloned into pGEM-Teasy and sequenced. This approach provided a 1656-bp fragment of bovine VNN2 genomic DNA, spanning the region of À1581 to þ75 (þ1 ¼ the first nucleotide of 5 0 -untranslated region [5 0 -UTR]). Deleted mutants of bovine VNN2 promoter, À1107, À530, À262, À177, and À75 relative to the first nucleotide of 5 0 -UTR, were produced by PCR amplification using specific sense primers (oligonucleotides 3-7, respectively; be used to perform similar analyses of the promoter sequence). Site-directed mutants for AP1, COUP-TF, HNF3, GATA, and Ebox cis-elements were generated by PCR amplification using the construct À530VNN2.LUC as the template, primers containing a specific point mutation (Table 1) , and the QuikChange site-directed mutagenesis kit following the manufacturer's protocol as previously described [24] . Expression constructs containing full-length USF1 or USF2 cDNA for bovine proteins were generated by RT-PCR and subcloned into pcDNA3.1 (þ) expression vector as previously described [25] . To generate vectors expressing COUP-TFI, COUP-TFII, and GATA4 proteins, full-length DNA coding sequences were isolated by RT-PCR using total RNA extracted from bovine granulosa cell cultures, the OneStep RT-PCR kit and specific sense and antisense primers ( Cell Cultures, Transient Transfections, and Reporter Activity Assays Pairs of bovine ovaries bearing a newly formed corpora lutea and a dominant follicle (8-12 mm in diameter) of the first wave of the estrous cycle were obtained from a slaughterhouse, and granulosa cells were isolated from the largest follicle and seeded at a density of 1-2 3 10 5 /well in the 24-well plates as previously described [24, 25] . Confluent cells were serum starved overnight and incubated in serum-free MEM without or with treatments, including phorbol myristate acetate (PMA; 100 nM), forskolin (10 lM), or forskolin (10 lM) and the PKA inhibitor H89 (10 lM), the p38MAPK inhibitor SB20358 (10 lM), the ERK1/2 inhibitor U0126 (10 lM), or the PI3K/Akt inhibitor LY294002 (10 lM). After incubation, cells were harvested and total SAYASITH ET AL.
RNA was extracted. For transfection, confluent cells were transiently cotransfected with various VNN2.LUC constructs (360 fmol/well) in the absence or presence of a vector expressing COUP-TFI, COUP-TFII, GATA4, USF1, USF2, cPKA, or PKI (10 fmol/well) using 2 ll of Lipofectamine Plus Reagent in 0.3 ml of serum/antibiotic-free MEM, and following the manufacturer's instructions. In all the cases, cotransfection with the Simian Virus 40 Renilla luciferase control vector (pRL.SV40) was performed to normalize promoter activities. After 3 h of transfection, cells were incubated in 0.5 ml of fresh MEM in the absence or presence of PMA, forskolin, or forskolin with signaling pathway inhibitors. After 24 h of incubation, cell lysates were prepared and analyzed as previously described [24, 25] .
Protein Extracts and Electrophoretic Mobility Shift Assays
Nuclear extracts of bovine USF, GATA4, and COUP-TF proteins were prepared from transfected granulosa cells, as previously described [25] . In vitro translated COUP-TFI, COUP-TFII, and GATA4 proteins were generously provided by Drs. R. Viger and J. Tremblay (Université Laval, Québec). Electrophoretic mobility shift assays (EMSAs) were performed as previously described [25, 26] , and À319 to À283 [wtEbox]) and 3 lg of nuclear extracts or 1 ll of in vitro translated proteins. In competitive and supershift EMSAs, nuclear extracts were pretreated for 30 min with unlabeled DNA competitors (wild-type or mutated oligonucleotides) and COUP-TF, GATA4, or USF antiserum, respectively, before addition of other reagents. Binding complexes were resolved by 5% acrylamide, 0.53 Tris-borate EDTA gel electrophoresis.
Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were performed as previously described [24, 26] using granulosa cells transfected with a vector expressing COUP-TFI, COUP-TFII, GATA4, USF1, or USF2 protein. After sonication, one-third of each chromatin extract supernatant was kept as DNA input (positive control), and the remainder was diluted 1:10 in dilution buffer and incubated overnight at 48C in the presence of normal rabbit serum (negative control) or anti-USF1, anti-USF2, anti-COUP-TFI, anti-COUP-TFII, and anti-GATA4 antibodies (all 1:50 titers). After incubation, mixtures were incubated with protein A/G-Sepharose beads for 2 h and subsequently washed as previously described [24, 26] . Beads were heated overnight at 658C in 300 ll of TE buffer in the presence of 1% SDS and treated with proteinase K (concentration 200 lg/ml) for 2 h at 508C. DNA samples were purified by phenol extraction and ethanol precipitation. The DNA pellet was dissolved in 50 ll of TE buffer. PCR amplifications were performed with DNA (2 ll) samples and sense (5 0 -ATGGAGTGAACATTCAGAGTC-3 0 ) and antisense (5 0 -CACAATTGTACCCTGTTATTAATA-3 0 ) primers specific for the bovine VNN2 promoter. The PCR product (296 bp) containing COUP-TF, GATA4, and Ebox cis-elements was analyzed by 1% agarose gel electrophoresis and sequenced.
Statistical Analysis
Levels of VNN2 mRNA were normalized with those of the control gene GAPDH. Homogeneity of variance between groups was verified by the O'Brien and Brown-Forsythe tests. One-way ANOVA was used to test the effect of time after hCG and forskolin treatments on VNN2 mRNA levels, and the effect of agonist treatment and DNA construct on relative luciferase activity (Firefly/ 
* Bold lowercase letters indicate the mutation sites.
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Renilla). When ANOVA indicated significant differences (P , 0.05), the Tukey-Kramer test was used for multiple comparisons of individual means among small follicles, dominant follicles, ovulatory follicles, and corpora lutea groups, whereas the Dunnett test (P , 0.05) was used to compare different time points after hCG with 0 h and for other multiple comparisons of individual means. Data were presented as least-square means 6 SEM. Statistical analyses were performed using JMP software (SAS Institute, Inc.).
RESULTS
Regulation of VNN2 Transcripts in Bovine Granulosa Cells
VNN2 mRNA expression in bovine follicles was investigated using total RNA extracted from granulosa cells of small follicles (2-4 mm in diameter), dominant follicles obtained on Day 5 of the estrous cycle, ovulatory follicles obtained 24 h post-hCG, and corpora lutea at Day 5 of the cycle. The results from RT-PCR analyses revealed that levels of VNN2 transcripts were high in ovulatory follicles but low or undetectable in other tissues tested ( Fig. 1A ; P , 0.001).
Because VNN2 transcripts were expressed to high level in ovulatory follicles, the gonadotropin-dependent regulation of VNN2 mRNA in ovulatory follicles prior to ovulation was investigated using RNA extracts from the walls (theca interna with attached granulosa cells) of preovulatory follicles obtained 0-24 h post-hCG. The results from RT-PCR analyses showed that levels of VNN2 transcripts were very low 0-6 h post-hCG but markedly increased thereafter ( Fig. 1B ; P , 0.05). The same analyses performed with RNA extracts of granulosa cells isolated from follicles collected 0-24 h post-hCG showed a similar pattern of gonadotropin-dependent VNN2 induction ( Fig. 1C ; P , 0.05).
Because VNN2 mRNA was up-regulated in granulosa cells in vivo, the regulation of VNN2 mRNA was investigated in granulosa cells in vitro. Granulosa cells were isolated from bovine dominant follicles and cultured in the absence or presence of forskolin for 0-24 h, and total RNA was extracted and analyzed by RT-PCR. The results revealed that levels of VNN2 mRNA were low or undetectable 0-12 h after forskolin but significantly increased thereafter ( Fig. 2A ; P , 0.05 vs. 0 h), thus providing a useful in vitro model for investigating the transcriptional control of VNN2 in preovulatory follicles.
Bovine VNN2 Promoter Transactivation in Granulosa Cells
To study bovine VNN2 promoter activity in granulosa cells, a 1656-bp DNA fragment of bovine VNN2 promoter spanning the region of À1581 to þ75 (þ1 ¼ the first nucleotide of 5 0 -UTR) was isolated. A series of 5 0 -deletion mutants was generated and inserted upstream of the firefly luciferase reporter gene in the pGL3.basic vector. Constructs were 
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transiently transfected into granulosa cells, and cultures were treated without or with forskolin for 24 h. The results showed that levels of reporter activity for the longest fragment (À1107VNN2.LUC) were low but markedly stimulated by forskolin ( Fig. 2B; P , 0 Fig. 2B ; P , 0.05), suggesting factors repressing the promoter activity in this region. However, deletion between À530 and À262 (À262VNN2.LUC) markedly decreased basal and forskolinstimulated promoter activities as compared to the À530VNN2.LUC construct (P , 0.05; Fig. 2B ). Further deletions did not change promoter activities, thus identifying the region À530/À262 as important in the regulation of the VNN2 promoter activity in bovine granulosa cells.
Analysis of the promoter sequence using TFSEARCH (TRANS FAC databases; see Materials and Methods) identified several putative cis-acting elements within the À530/À262 VNN2 promoter region, including AP1, HNF3, COUP-TF, GATA, and Ebox (Fig. 3A) . To investigate their potential involvement in À530VNN2 promoter activities, sitedirected mutants were generated in the context of the À530VNN2.LUC construct. The results showed that the FIG. 2. Forskolin-dependent regulation of VNN2 mRNA and promoter activity in bovine granulosa cells in vitro. A) Regulation of VNN2 mRNA in granulosa cells. Granulosa cells from bovine dominant follicles were cultured in the absence or presence of forskolin (FSK) for 0-24 h, and RNA extracts were analyzed by RT-PCR for VNN2 and GAPDH mRNA content. VNN2 levels were normalized with respect to GAPDH, and the results are presented as ratios of VNN2 to GAPDH. Bars marked with an asterisk are significantly different from 0 h (P , 0.05, mean 6 SEM of three independent experiments). B) Deletion mutant analysis of the bovine VNN2 promoter. Granulosa cell cultures were transiently cotransfected with VNN2 promoter constructs and the Simian Virus 40 Renilla luciferase vector (pRL.SV40), and incubated for 24 h in the absence (control) or presence of forskolin (FSK). The results are presented as normalized relative luciferase activity (Firefly/Renilla; mean 6 SEM of triplicate cultures from three independent experiments). Bars marked with a bracket indicate a significant difference between basal and forskolin-stimulated promoter activities (P , 0.05, mean 6 SEM of three independent experiments). Bars marked with asterisks indicate a significant difference with the À530VNN2.LUC construct (P , 0.05); a single asterisk (*) signifying a difference with the untreated control group, and a double asterisk (**) indicating a difference with the forskolin-treated group. BOVINE VNN2 REGULATION AND ITS PROMOTER ACTIVATION mutation of HNF3 and AP1 elements had no effect on basal and forskolin-inducible luciferase activities as compared to corresponding wild-type constructs (Fig. 3B) . However, mutation either of the COUP-TF, GATA, or Ebox element significantly reduced basal and forskolin-stimulated promoter activities when compared with the corresponding wild-type control, whereas mutation of all three elements abolished both activities (Fig. 3B) . These data suggest a key role of COUP-TF, GATA, and Ebox elements in VNN2 promoter transactivation in bovine granulosa cells.
Binding Activity of the Bovine VNN2 Promoter
To determine the ability of transcription factors to interact with the Ebox, GATA, and COUP-TF cis-elements within the VNN2 promoter, EMSAs were performed using granulosa cell nuclear extracts and labeled double-stranded oligonucleotides derived from the VNN2 promoter. The results showed that a distinct DNA/protein complex was formed when oligonucleotides from the À319/À281 VNN2 promoter fragment containing the Ebox motif was incubated with nuclear proteins extracted from granulosa cells that overexpress USF1 or USF2 (Fig. 4A, lanes 1 and 3 [arrowhead] , respectively). The intensity of the complex was low with the extract prepared from cells overexpressing USF1 and cultured in the absence of forskolin (ÀFSK), but was increased with the extract from forskolin-treated cells (þFSK) (Fig. 4A, lanes 4 and 5,  respectively) . The specificity of the protein/DNA interaction was examined by competitive EMSAs using a molar excess of unlabeled DNA competitors. The results revealed that complexes could be disrupted with wild-type (wt) Ebox competitor DNA but not with mutated (D) Ebox competitor DNA (Fig. 4A, lanes 6 [wtEbox] and 7 [DEbox] vs. 5), thus illustrating the specificity of the interaction. To demonstrate the involvement of USF proteins in the DNA/protein interaction, supershift EMSAs were performed by the addition of an anti-USF1 antibody. The results showed that the complex was shifted by the antibody, thereby confirming the presence of USF1 protein in the binding complex (Fig. 4A, lane 8 
vs. 5).
Similar results were obtained when EMSAs were performed using nuclear extracts prepared from granulosa cells overexpressing USF2, DNA competitors, and anti-USF2 antibody (data not shown).
The results from similar studies using labeled oligonucleotides spanning the À367/À329 VNN2 promoter region (containing the GATA element) showed that the intensity of the complex was very low with the extract prepared from cells overexpressing GATA4 and cultured in the absence of forskolin (ÀFSK), but increased with the extract from forskolin-treated cells (þFSK) (Fig. 4B, lanes 1 and 2,  respectively) . Competitive EMSAs with molar excess of unlabeled wtGATA or DGATA duplex showed that only wtGATA could compete the labeled complex (Fig. 4B, lanes 3  and 4 vs. 2, respectively) . Supershift EMSAs showed that the complex was disrupted in the presence of an anti-GATA4 antibody (Fig. 4B, lane 5 vs. 2) . In complementary experiments, EMSAs performed with in vitro translated GATA4 protein revealed that one major complex was generated, as compared to the probe incubated in the absence of the protein (Fig. 4B, lane 7 [Ctl] vs. 6 [None]). This complex was disrupted by the preincubation of GATA4 protein with the anti-GATA4 antibody (Fig. 4B, lane 8 vs. 7) . Taken together, these results demonstrate the specificity of the GATA element and the presence of GATA4 protein in the binding complex.
For the COUP-TF element, EMSAs using labeled oligonucleotides spanning the À489/À451 VNN2 promoter region (containing the COUP-TF element) and in vitro translated COUP-TFI or COUP-TFII protein generated a distinct DNA/ protein complex when compared with the probe alone ( 
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proteins were unsuccessful because signal intensity remained too low (data not shown).
To demonstrate endogenous interactions of GATA4, COUP-TFI, COUP-TFII, USF1, and USF2 transcription factors with the bovine VNN2 promoter in vivo, ChIP assays were performed using granulosa cells overexpressing these factors and incubated for 24 h in the absence or presence of forskolin. The results showed that binding activity was very low or undetectable for GATA4, COUP-TFI, and COUP-TFII, and moderate for USF1 and USF2 proteins in absence of forskolin (ÀFSK, Fig. 5A ). However, all the proteins bound strongly to the VNN2 promoter following forskolin stimulation (þFSK, Fig. 5A ). No binding activity was observed when normal rabbit serum (NRS; negative control) was used instead of a specific antibody (Fig. 5A) . To provide functional evidence for the involvement of COUP-TF, GATA4, and USF proteins in VNN2 promoter transactivation, granulosa cells were cotransfected with the À530VNN2.LUC construct and COUP-TFI, COUP-TFII, GATA4, USF1, or USF2 expression vector. The results showed a marked and significant increase in basal and forskolin-inducible promoter activities by overexpression of any one of these transcription factors ( Fig. 5B ; P , 0.05), establishing a key role of these regulatory proteins for VNN2 promoter activities in bovine granulosa cells. GATA4 appeared particularly potent in forskolin-treated cultures (Fig. 5B) .
Roles of PKA and ERK1/2 in VNN2 Promoter Activity and Transcript Expression in Granulosa Cells
To explore the potential involvement of various signaling pathways in mediating the regulation of VNN2 promoter transactivation, promoter activity assays were performed in the presence of agonists or pharmacological inhibitors. The results showed that levels of VNN2 promoter activity were unaffected by the phorbol ester PMA (a potent PKC activator) but significantly increased by forskolin stimulation or cPKA overexpression (30. Fig. 6A ; P , 0.05). Levels of basal and forskolin-stimulated promoter activities were significantly decreased by inhibitors of PKA (H89) and ERK1/2 (U0126) (Fig. 6B, H89 and U01, respectively), but not by inhibitors of p38MAPK (SB20358; SB) and PI3K/Akt (LY294002; LY), as compared to control cells (None) (Fig. 6B) .
To study the effects of specific signaling pathways on VNN2 transcript expression, RT-PCR was performed using RNA extracts isolated from granulosa cells cultured with various agonists or inhibitors. The results showed that VNN2 mRNA levels were increased in cultures stimulated by forskolin (þFSK) or cPKA overexpression (þcPKA), as compared to the control cells cultured in the absence of agonists (ÀFSK; Fig.  6C ). Interestingly, the forskolin-dependent induction of VNN2 transcripts was blocked by a PKI overexpression or costimulation with H89 or U0126 (U01) (Fig. 6C ), in keeping with the effect observed on promoter activity (Fig. 6B) . Moreover, levels of VNN2 mRNA stimulated by a cPKA overexpression were suppressed by the treatment with H89 (Fig. 6C, lane 10 
DISCUSSION
Ovulation triggered by the preovulatory LH surge shares many features of an acute inflammatory reaction [16, 17, 27] . VNN2 and related family members VNN1 and VNN3 are known to be involved in inflammation, oxidative stress, and leukocyte migration [5] , but their regulation and importance in ovarian follicles remain largely unknown. The current study reports for the first time the gonadotropin-dependent induction of VNN2 mRNA in granulosa cells of bovine preovulatory follicles in vivo before ovulation. Considering its physiological role in inflammation [28] , the marked induction of VNN2 in follicles before ovulation further strengthens the analogy of this key physiological process with an inflammatory reaction [15, 16] . The up-regulation of VNN2 in bovine preovulatory follicles in vivo could be recapitulated in primary cultures of granulosa cells in vitro stimulated with forskolin. Importantly, this study, with the use of these primary cell cultures, is the first to report on some of the molecular control of VNN2 transactivation in follicular cells.
The present study showed that VNN2 transcripts were expressed at high levels in ovulating follicles. Injection of an ovulatory dose of hCG induced VNN2 gene expression 12-24 h post-hCG in bovine granulosa cells, suggesting a potential role of VNN2 in the ovulatory process. Several investigations have shown that leukocytes were massively recruited into follicles after the LH surge, and their depletion impaired ovulation [29, 30] . Given the role of VNN2 in migration of leukocytes [3, 4] , the gonadotropin-dependent up-regulation of VNN2 before ovulation may suggest its involvement in the recruitment of leukocytes into the follicle, thereby helping to propagate the local inflammatory reaction and participating in the degradation of the extracellular matrix essential for follicular rupture [29, 30] . It is known that the LH surge increases levels of reactive oxygen species (ROS) in ovarian follicles [31] . ROS are cell cytotoxic at high levels because of oxidative damage, but they may have physiological roles to mediate various responses at low levels [32] . Based on the antioxidant properties of cysteamine (a VNN2 product) and its capacity to increase levels of ROS scavengers [5] , it is tempting to speculate that VNN2 may be involved in regulating physiological levels of ROS (i.e., the redox status), thereby protecting follicular cells against oxidative damage and preventing premature follicle rupture. However, further work will be needed to determine the precise functions of VNN2 in ovulation.
Numerous studies have shown the regulation of vanins in several tissues by different stimuli, including proinflammatory agonists and oleic acid [28, 33, 34] . The present study provides evidence that high levels of gonadotropins regulate VNN2 mRNA expression in granulosa cells of bovine preovulatory follicles. Unfortunately, attempts to study the regulation of VNN2 protein by Western blot analyses were unsuccessful because the specificity of the commercially available antihuman VNN2 monoclonal antibody (MBL International Corp.) could not be established. Binding of LH/hCG to their cognate receptor activates adenylyl cyclase, increases intracellular cAMP and stimulates PKA activation [16, 17, 27] . Forskolin, a potent PKA activator, has been used to mimic LH/hCG stimulation for the induction of genes in mouse granulosa cell cultures [35] . It was also used in vitro to avoid issues related to variations in LH receptor expression in bovine granulosa cells maintained in cultures and to induce the gonadotropindependent regulation of genes related to ovulation as observed in granulosa cells of bovine preovulatory follicles in vivo [24] [25] [26] [36] [37] [38] [39] [40] [41] . Interestingly, the present study reports that treatment with forskolin closely mimicked the pattern of VNN2 induction in granulosa cultures similar to that as observed by hCG in granulosa cells in vivo. Moreover, granulosa cells transfected with VNN2 promoter constructs showed basal and forskolin-stimulated reporter gene activities, thus establishing the value of the in vitro model for further studying the regulation of VNN2 gene expression.
Little is known about the transcriptional control of vanin gene expression. One publication showed that NR5A1 and SOX9/SOX8 cis-acting elements were required for VNN1 promoter activation in a Leydig cell line [9] , but the molecular control of VNN2 promoter activation had not been previously FIG. 5 . GATA4, COUP-TF, and USF proteins interact with the endogenous VNN2 promoter and stimulate VNN2 expression in granulosa cells. A) Granulosa cells transfected with a vector expressing GATA4, COUP-TFI, COUP-TFII, USF1, or USF2 protein were incubated in the absence (ÀFSK) or presence of forskolin (þFSK) for 24 h. Endogenous interactions between these proteins and the bovine VNN2 promoter were analyzed by ChIP assays. One-third of chromatin extracts were kept as DNA input (positive control) before immunoprecipitation, and the remainder of each was diluted and incubated with normal rabbit serum (NRS) as negative control) or antibodies against GATA4, COUP-TFI, COUP-TFII, USF1, or USF2. A 296-bp DNA fragment containing GATA, COUP-TF, and Ebox cis-elements within the bovine VNN2 promoter was amplified by PCR. Depicted bands represent the expected PCR products and are representative of three independent experiments. B) Granulosa cells cotransfected with the Simian Virus 40 Renilla luciferase vector (pRL.SV40) and the promoter construct À530VNN2.LUC in the absence (None) or presence of a vector expressing USF1, USF2, COUP-TFI, COUP-TFII, or GATA4 protein were incubated for 24 h without (control) or with forskolin (FSK). The results are presented as normalized relative luciferase activity (Firefly/Renilla; mean 6 SEM of triplicate cultures from three independent experiments). Bars marked with asterisks indicate significant difference with À530VNN2.LUC alone (None; P , 0.05); a single asterisk (*) signifying a difference with the untreated control group, and a double asterisk (**) indicating a difference with the forskolin-treated group.
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studied. The present report unravels for the first time some of the molecular mechanisms involved in the regulation of VNN2 promoter activity in granulosa cells. In the present study, a 530-bp proximal region located upstream of the first exon of the bovine VNN2 gene was shown to confer robust basal and forskolin-stimulated transcriptional activities. This region was shown to contain a number of consensus cis-acting elements of which COUP-TF, GATA, and Ebox appeared to play a key role, as revealed by site-directed mutagenesis and promoter activity assays. Moreover, competitive EMSAs confirmed the role of these cis-elements in DNA/protein binding complexes.
COUP-TF, GATA4, and USF proteins are transcription factors that bind COUP-TF, GATA4, and Ebox cis-acting elements, respectively, to regulate the expression of various genes. COUP-TFI and COUP-TFII are ubiquitously expressed and play roles in cellular differentiation during embryonic development, neurogenesis, and organogenesis [42, 43] . GATA4 protein belongs to a zinc-finger transcription factor family, which controls the development of various tissues [44] . USF1 and USF2 are ubiquitous proteins involved in cell cycle regulation and stress and immune responses [45, 46] . In ovarian follicles, COUP-TFI, COUP-TFII, and GATA4 proteins are expressed in granulosa and thecal cells [47] [48] [49] [50] [51] [52] [53] [54] and are known to be involved in the regulation of genes related to follicle growth and steroid synthesis, including CYP19, FSHR, StAR, and LHb-subunit [50, [55] [56] [57] [58] . USF1 and USF2 proteins are constitutively expressed in granulosa cells of bovine preovulatory follicles and, following Ebox binding, upregulate promoter activities and transcript expression of the ovulation-related genes PTGS2 and ADAMTS1 [25, 40, 41] . The results from the present study provide further evidence of the roles of COUP-TFI, COUP-TFII, GATA4, USF1, and USF2 proteins in the regulation of genes expressed in preovulatory follicles, as demonstrated by supershift EMSAs. Most importantly, overexpression of any one of these proteins significantly up-regulated basal and forskolin-stimulated VNN2 promoter activities, and ChIP assays confirmed basal and forskolin-stimulated endogenous interactions between these proteins and the VNN2 promoter in bovine granulosa cells. Interestingly, EMSAs showed that the intensity of the protein/ DNA binding complexes was increased in cells treated with forskolin. Taken together, findings from the current study point to a key role of COUP-TF, GATA4, and USF proteins in the regulation of VNN2 promoter activation.
The LH preovulatory surge in granulosa cells activates a number of intracellular signaling pathways and related kinases, including PKA, ERK1/2, PI3K/Akt, and EGFR, and downstream protein phosphorylation is known to play a key role in increased DNA-binding and promoter activation of numerous genes [16, 17] . The induction of COUP-TF protein phosphorylation has been associated with the regulation of vitronectin, L-type pyruvate kinase, and aryl hydrocarbon receptor gene Changes of VNN2 and GAPDH mRNA levels were analyzed by RT-PCR. VNN2 expression was normalized with respect to GAPDH, and the results are presented as ratios of VNN2 to GAPDH. Bars marked with brackets are significantly different from forskolin-treated cells or cells overexpressing cPKA (P , 0.05, mean 6 SEM of three independent experiments).
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expression [59] [60] [61] . GATA4 protein phosphorylation has been linked to enhancement of CYP19 and StAR promoter activity [52, 62] , whereas forskolin-induced phosphorylation of USF proteins was associated with the up-regulation of PTGS2 [26] and ADAMTS1 [63] promoter activities in bovine granulosa cells. The results from the current study showed a forskolinand cPKA-inducible increase in VNN2 promoter activity and transcript expression, suggesting a contribution of COUP-TF, GATA4, and USF protein phosphorylation in VNN2 gene expression. These results were further supported by the ability of the PKA inhibitor H89 to down-regulate forskolindependent VNN2 promoter activation and of the PKA inhibitor peptide (PKI) and H89 to suppress forskolin-and cPKAdependent VNN2 mRNA induction in granulosa cells. PKA signaling is generally seen as the predominant pathway activated by the LH preovulatory surge. However, ERK1/2 activation is thought to occur downstream of the PKA activation [64] and is known to be required for the induction of ovulation [17] . Of particular interest, findings from the present study reveal the ability of ERK1/2 inhibitor (U0126) to suppress forskolin-dependent VNN2 promoter activity and mRNA expression in bovine granulosa cells, in keeping with similar effects observed on the regulation of bovine ADAMTS1 gene expression [41] .
In summary, this report describes for the first time the gonadotropin-dependent increase of VNN2 in granulosa of preovulatory follicles prior to ovulation. The gonadotropindependent induction of VNN2 transcripts observed in vivo was reproduced in vitro by forskolin in primary cultures of bovine granulosa cells. Moreover, the present study unravels some of the molecular mechanisms responsible for VNN2 gene expression in follicular cells. VNN2 promoter activity appears dependent on trans-activating COUP-TF, GATA4, and USF proteins, which bind to consensus COUP-TF, GATA, and Ebox cis-elements, respectively. Of interest, the present study documents the involvement of the PKA and ERK1/2 signaling pathways in VNN2 promoter activation and transcript expression in granulosa cells. Further investigation of the potential involvement of transcriptional coactivators and chromatin remodeling will be needed to provide a more comprehensive understanding of the regulation of VNN2 gene expression in preovulatory granulosa cells. Moreover, functional studies will be required to determine the precise physiological roles of VNN2 during the ovulatory process.
